Introduction 35
Industrial nitrogen fixation has had a major contribution towards the Green Revolution, and 36 subsequent unprecedented population growth (Smil, 1999) . However, the increase in global 37 use of synthetic nitrogen fertilizer has resulted in environmental pollution, contributing to 38 algal blooms, greenhouse gas accumulation and the acidification of soil and water sources 39 (Glibert et al., 2014; Vitousek et al., 1997) . There have been several efforts in the past 50 40 years to look for alternative, more sustainable means to deliver reduced nitrogen to crops, 41 including the use of artificial symbiosis and commensal free-living bacteria (Santi et al., 42 2014; Oldroyd and Dixon, 2014, Curatti and Rubio, 2014) . More recently, advances in 43 synthetic biology have reignited the possibility of generating transgenic crops that can fix 44 their own nitrogen via direct engineering of nitrogenase (Nif) proteins into plants. 45 Nitrogenase is the enzyme that catalyses biological nitrogen fixation, i.e. the conversion of 46 atmospheric nitrogen to ammonia, and is found exclusively in bacteria and archaea. The 47 molybdenum-dependent nitrogenase consists of two proteins, which are highly oxygen-48 sensitive: The MoFe protein, a heterotetramer of NifD and NifK, and the Fe protein, a 49 homodimer of NifH. NifDK is the catalytic centre and contains the iron-molybdenum 50 cofactor ([MoFe7S9C]:homocitrate, FeMo-co; Einsle et al., 2002; Spatzal et al., 2011) and the 51 P-cluster ([Fe8S7]; Kim and Rees, 1992) . NifH is the obligate electron donor, and contains a 52
[Fe4S4]-cluster (Jang et al., 2000) . In addition to the structural proteins, several other Nif 53 proteins are involved in the maturation of the enzyme and assembly of the metalloclusters. 54
These include, but may not be limited to NifB, E, M, N, Q, S, U, V, W, X, Y, and Z (Ribbe et 55 al., 2014) . Furthermore, nitrogenase also utilizes specific electron transport proteins, NifF and 56 NifJ (Deistung et al., 1985; Shah et al., 1983) . For optimum nitrogenase activity, the 57 stoichiometry of the numerous Nif proteins and their temporal expression needs to be tightly 58 regulated (Pozza-Carrion et al., 2015) . 59
The mitochondrial matrix has been shown to be a suitable location to express some of the 60 most oxygen-sensitive Nif proteins in a functional form (Lopez-Torrejon et al., 2016; Buren 61 et al., 2017a, Buren et al., 2019). However, it is currently technically difficult to directly 62 introduce transgenes into the mitochondrial genome and recover stable transgenic plants 63 (Macmillan et al., 2019) . In this study we rely upon the endogenous mitochondrial protein 64 transport pathway for the expression of nuclear-encoded genes within the mitochondrial 65 matrix ( Fig. 1 ; reviewed by Murcha et al., 2014) . This process involves the use of 66 mitochondrial targeting peptides (MTPs) as translational fusions at the N-terminus of each 67
Nif protein (MTP::Nif). After translation in the cytoplasm the MTP::Nif protein is actively 68 transported to the mitochondrial matrix through the outer and inner transmembrane import 69 complexes. The MTP is cleaved within the mitochondrial matrix by the mitochondrial 70 processing peptidase (MPP) and the remaining C-terminus is folded into the mature protein. 71
The MPP-dependent processing of the MTP results in residual amino acids at the N-terminus 72 of the transgenic Nif proteins, and here we term this the 'scar' peptide. 73
These N-terminal modifications could potentially impact the function of Nif proteins, and it is 74 currently unknown if all Nif proteins can tolerate a scar peptide. The clearest example of scar 75 peptides being tolerated was shown by the isolation of functional NifH from yeast 76 mitochondria, a result dependent on the import, MPP processing and refolding of MTP::NifH 77 and MTP::NifM (Lopez-Torrejon et al., 2016). As an alternative approach to using 78 eukaryotic platforms that currently present numerous challenges, bacterial-based assays can 79 be used to guide modifications to Nif proteins (Yang et al., 2018) . 80
Another important consideration for function is the solubility of each Nif protein in plant 81 mitochondria. Burén et al. (2017a) found that NifB from Azotobacter vinelandii was 82 insoluble when it was targeted to the mitochondrial matrix of both yeast and plants. 83 Encouragingly these authors found two variants of NifB from a thermophilic archaea that was 84 soluble within the yeast mitochondrial matrix and active in a reconstitution assay (Buren et  85 al., 2017a, 2019). Aside from NifB, the solubility of other Nif proteins has not been directly 86 assessed within plant mitochondria. 87 Previously we targeted 16 Klebsiella oxytoca Nif proteins to plant mitochondria using an 88 MTP of 77 amino acids. In this study, we design and test a shorter MTP fused to the 16 Nif 89 proteins and assess abundance, processing and solubility of the synthetic proteins when 90 targeted to the plant mitochondria. This shortened MTP is cleaved within the matrix to leave 91 a nine amino acid scar, and we use a bacterial assay to assess the functional impact of this N-92 terminal modification to each Nif protein. Our analysis has identified a subset of MTP::Nif 93 proteins that satisfy the requirements of being soluble, correctly processed, and functional. 94 to Nif proteins may impair function via steric hindrance. We therefore wanted to shorten the 105 MTP sequence to minimise the remaining scar yet retain targeting capability to the plant 106 mitochondrial matrix. Previously Lee et al. (2012) showed that residues 52 to 77 of the 107 original pFAγ77 were possibly not required for transporting and processing of green 108 fluorescent protein to the mitochondrial matrix. Based on these observations we redesigned a 109 shorter MTP with a length of 51 AA, here termed pFA51. pFAγ51 is predicted to leave a 110 nine AA N-terminal extension after MPP processing that we term scar9 (amino acid sequence 111 ISTQVVRNR; Fig was purified by affinity chromatography (Suppl. Fig. 1 ) and subjected to proteomics analysis, 116 which identified ISTQVVR as the N-terminal peptide sequence. This result confirmed that 117 the shortened MTP, pFAγ51, was functional and processed as predicted to leave a nine AA 118 scar at the N-terminus. 119 2.2 Most pFAγ51::Nif proteins are targeted to and processed in the plant 120 mitochondrial matrix 121
We next wanted to assess whether the shortened MTP, pFAγ51, was able to target other Nif 122 proteins to the plant mitochondrial matrix. We generated expression constructs for 16 Nif 123 proteins with translational fusions of pFAγ51 at the N-terminus and a HA epitope tag at the 124 C-terminus, resulting in the generic structure pFAγ51::Nif::HA ( Fig Table 1 ). The only protein displaying 145 no processing was pFAγ51::NifQ::HA, with only a signal found for a protein consistent with 146 the unprocessed size ( Fig. 2B ). For some pFAγ51::Nif::HA proteins, e.g. NifB, E, H, S, U 147 and Z there were additional signals at a higher molecular weight, which could arise from 148 dimerization or oligomerization (Suppl. Fig. 2, 3 and 4) , similar to what has been previously observed (Allen et al., 2017) . In some instances, e.g. NifJ, we also observed degradation 150 products (Suppl. anaerobic conditions and subjected to Western blot analysis. We found that anaerobic 182 conditions during protein extraction did not change their solubility (Suppl. Fig. 4 ). 183
Testing function of modified Nif proteins with an N-terminal extension 184
Using a bacterial assay we tested the functional impact of adding nine AA to the N-terminus 185 of each Nif protein, which mimics the residual scar peptide that remains after MPP 186 processing of pFAγ51::Nif in plant mitochondria. We adopted the MIT v2. We also measured the relative abundance of a peptide specific to chloramphenicol 208 acyltransferase (CAT), the coding nucleotide sequence of which was present in all MIT v2.1 209 plasmids. We found that signals for NifS and CAT peptides were relatively consistent across 210 all the samples (Suppl. Fig. 5 , Suppl. Table 1 ). As expected, we also found that signals 211 specific to NifM, peptides M-1 and -2, were not found in E. coli containing MIT v2.1 in 212 which NifM was deleted, and that signals specific for NifD, K, H, Y, E, and N were not 213 found in E. coli with pB-ori, where these genes were removed from MIT v2.1 (data not 214 shown). The most unexpected change was found for NifM, where the relative protein 215 abundance was approximately ~50-fold higher in E. coli expressing scar9::NifM, relative to 216 those expressing other scar9::Nifs (Suppl. influence these attributes in plant mitochondria. Assuming that levels of plant expressed Nif 232 proteins will need to reflect those of diazotrophic bacteria, future studies will need to adjust 233 promoter strength and/or translation rates accordingly. For example NifY was the least 234 abundant in our experiments, and efforts are needed to improve these levels to better mimic 235 those found in naturally occurring systems (Smanski et al., 2014) . 236
Similarly we found some MTP::Nif proteins were poorly cleaved by the MPP, in particular 237 MTP::NifQ. A potential reason for this may be that the preprotein is unable to enter the 238 mitochondrial matrix due to the MTP::Nif protein being resistant to unfolding (Voos et al., 239 1993 (Voos et al., 239 , 1996 . We also found that most Nif proteins that were successfully cleaved within the 240 mitochondrial matrix tended to accumulate to higher levels relative to their cytoplasmic 241 counterparts, suggesting that mitochondrial processing may stabilize Nif proteins relative to 242 those located in the cytoplasm. 243
244
In our experiments we found several MTP::Nif proteins were insoluble in the plant 245 mitochondrial matrix. Notably the key protein NifH from K. oxytoca was among this set. 246
Interestingly A. vinelandii NifH and NifM when targeted to yeast mitochondria produced a 247 functional Fe protein (Lopez-Torrejon et al., 2016), indicating that both these proteins were 248 sufficiently soluble in yeast. In agreement with prior results, we found that K. oxytoca NifB 249 was insoluble when targeted to plant mitochondria, as was described for A. vinelandii NifB 250 when targeted to yeast and plant mitochondria (Burén et al., 2017a) . 251
Overcoming these processing, solubility and abundance issues we encountered will require a 252 range of approaches. There is evidence in yeast mitochondria that the import of transgenic 253 Agrobacterium tumefaciens strain GV3101 (SN vectors) or AGLI (P19 vector) cells were 318 grown to stationary phase at 28 o C in LB broth supplemented with 50 mg/mL carbenicillin or 319 50 mg/mL kanamycin, according to the selectable marker gene on the vector, and 50 mg/mL 320 rifampicin. Acetosyringone was added to the culture to a final concentration of 100 μM and 321 the culture was then incubated for another 2.5 h at 28 o C with shaking. The bacteria were 322 pelleted by centrifugation at 5000 x g for 10 min at room temperature. The supernatant was 323 discarded, and the pellet was resuspended in 10 mM MES pH 5.7, 10 mM MgCl2 and 324 100 μM acetosyringone (infiltration buffer) after which the OD600 was measured. A volume 325 of each culture, including the culture containing the viral suppressor construct 35S::P19, 326 required to reach a final concentration of OD600 = 0.10 was added to a fresh tube. The final 327 volume was made up with the infiltration buffer. Leaves of five-week-old plants were then 328 infiltrated with the culture mixture and the plants were grown for five days after infiltration 329 before leaf samples were harvested for further analysis/experiments. 330
Western blot analysis of Nif proteins transiently expressed in N. benthamiana 331
To assess the processing of mitochondrially targeted and cytoplasmically located proteins, ori. The scar9 extension (ATGTCAACTCAAGTGGTGCGTAACCGC coding for 396 MSTQVVRNR) was added to the front of fw primers that bind to the start of the coding 397 sequence for each nif gene, and rv primers were designed adjacent to the 5' end of each nif gene that the scar9 was being added (primers listed in Suppl. Table 4 ). The amplified PCR 399 product containing the scar9 extension in front of a given nif gene was ligated using ligation 400 cycling reaction (LCR; de Kok et al., 2014). The other half of MIT v2.1 that was not 401 modified was religated with the half with the scar9 extension via SbfI restriction sites. The 402 plasmid ID and descriptions are listed in Suppl. Table 3 . 
